The entire T7 bacteriophage genome contains 39937 base pairs (Database NCBI RefSeq N1001604). Here, electrostatic potential distribution around double helical T7 DNA was calculated by Coulomb method. Electrostatic profiles of 17 promoters recognized by T7 phage specific RNA polymerase were analyzed. It was shown that electrostatic profiles of all T7 RNA polymerase specific promoters can be characterized by distinctive motifs which are specific for each promoter class. Comparative analysis of electrostatic profiles of native T7 promoters of different classes demonstrates that T7 RNA polymerase can differentiate them due to their electrostatic features. Software to calculate distribution of electrostatic potentials is available from http://promodel.github.io/reldna/.
Introduction
The problem of RNA polymerase-promoter recognition has a long and abundant history. A more traditional line of investigation considers nucleotide sequence elements of promoter structure as the only recognizable components that are important. Promoter search algorithms of this type are mainly based on the sequence preferences in the regions of specific contacts with RNA polymerase (Alexandrov & Mironov, 1990 Even the best protocols at this level recognize a large portion of nonpromoter DNA (up to 3,5%) as promoter like signals (Gordon et al., 2003; Horton & Kanehisa, 1992) . Within Escherihia coli genome, the background noise is, therefore, more than one order of magnitude greater than the genuine signal.
Modern research tends to call attention to some additional information encoded in physical properties of DNA helix. Some physicochemical characteristics of promoter DNA, such as overall geometry, deformability, thermal instability and dynamical features were shown to be such discriminating factors involved in differential interaction of RNA polymerase with various promoters ( Travers, 1989) .
We approached the problem from the analysis of electrostatic properties of promoter DNA (Kamzolova et al., 2000; . Our study of electrostatics contribution in RNA polymerase-promoter recognition was made possible due to development of an original method of electrostatic potential calculations around DNA helix suitable for a genome wide application Sorokin, 2001 ). The method takes advantage of observing electrostatic profiles of promoters within the electrostatic map of a whole genome DNA. Using this method, the results were obtained indicating essential differences in electrostatic patterns for promoter and nonpromoter DNA in E. coli genome ( Sorokin, 2001 ). Moreover, the role of DNA electrostatic potential in promoter organization was confirmed by the fact that, in Escherihia coli, the most negatively charged oligonucleotides were revealed in promoter regions as compared with the total genome structure (Sorokin, Osipov, Beskaravainy, & Kamzolova, 2007; Sorokin, 2001) . It also should be mentioned that relationship between promoter sequence and its electrostatic profile was found to be ambiguous (Kamzolova, Osypov Sorokin, 2001) , meaning that this property is vastly dependent on the whole sequence with flanking regions rather than the sequence text at the given point of consideration. So, we must consider electrostatic property as a promoter determinant in its own right thus, emphasizing the need for studying electrostatic characteristics of a promoter in addition to its text analysis.
In this paper distribution of electrostatic potential around the complete sequence of T7 phage genome was calculated. In contrast to the studies above carried out with E. coli RNA polymerase specific promoters, here, electrostatic properties of T7 promoters recognized by T7 phage RNA polymerase were studied. T7 specific promoters are shown to differ from nonpromoter DNA and 70-specific promoters by their electrostatic characteristics. T7 specific promoters can be groupped into two classes by their bio-chemical and physiological properties. The promoters assigned to the different classes are found to differ also by their electrostatic properties. Thus, the results obtained indicate that T7 RNA polymerase can identify its native promoters in T7 genome and differentiate them due to their electrostatic features.
Methods
Nucleotide sequence of T7 phage genome and its annotation involving localization of promoters, terminators and identified genes were taken from NCBIRefSeq Database (ftp://ftp.ncbi.nih.gov/refseq). The electrostatic potential around the double helical DNA molecule was calculated by the original method based on the Coulomb's law (Kamzolova et al., 2000; Polozov et al., 1999) using the computer program of A.A.Sorokin applicable for the whole genome calculation (Sorokin, 2001 ) and available http://promodel. github.io/reldna/. Full details of the method is presented in Appendix.
Full-atomic 3D model of the T7 RNA polymerase was obtained from SwissModel (Kiefer, et al. 2009 ) by UniProt ID P00573 and was equilibrated at 300K in water at 100 mM salt for 5 ns with OPLS force field (Jorgensen and Tirado-Rives 1988) in GROMOS software (Hess, et al. 2008 ). Electrostatic potential distribution around protein globule was calculated with APBS software (Baker et al. 2001 ) at 310K, neutral pH and100 mM of univalent salt.
3 Results and discussion 3.1 T7 phage genome. Classification of T7 late genes and promoters.
Electrostatic properties of T7 promoter and nonpromoter DNA.
T7 phage genome consists of 39937 b.p. containing information for more than 50 proteins. Temporal coordination of T7 DNA expression is controlled by two RNA polymerases (Dunn, Studier, & Gottesman, 1983) . The early region of the genome located in its left part ( 20% of DNA) is transcribed by the host RNA polymerase (E70) immediately after infection with resulting efficient production of T7 RNA polymerase during 6 min. The remaining part of the genome containing late genes is transcribed by the newly synthesized T7 RNA polymerase. The late genes may be classified in two groups (class II and class III) by their location in the genome and their expression time (Dunn et al., 1983 ). Transcription of class II genes which encode proteins involved in the phage DNA metabolism takes place in the time interval from 6 to 15 min after infection. Genes of class III containing information for viral structural proteins are transcribed from 8 min after infection till cell lysis. There are 17 T7 RNA polymerase specific promoters controlling expression of the late genes in T7 DNA. They can also be classified according to the categories of the corresponding genes. The main characteristics of the promoters (site location in the genome, category, nucleotide sequence) are given in Table 1 . 10 promoters fall in the category of class II. However, it should be mentioned that the terminator TE1 for E.coli RNA polymerase lies in T7 genome at the position of 7588 b.p.
downstream of three promoters from class II, namely 1.1A, 1.1B and 1.3 which are located at the positions of 5848 b.p., 5923 b.p. and 6409 b.p. respectively. So, they fall within the coding region of T7 DNA transcribed by E.coli RNA polymerase. Their transcripts appear earlier as compared with other II class transcripts due to the uninterrupted RNA synthesis produced by E.coli RNA polymerase up to TE1 site. Therefore, these promoters form a separate group of early promoters (subgroup of II class promoters). Their location within DNA coding region can influence their physical properties.
5 promoters (6.5, 9, 10, 13 and 17) located in the right part of the genome represent class III. Two promoters, OL and OR are a special case because they control expression of no proteins. They are possibly involved in the process of DNA replication initiation. The OL is located in the early region of the genome and can be formally assigned to the group of early promoters. The promoter OR can formally be placed in class III according to its expression time.
Nucleotide sequences of all the promoters are known. As shown in Table 1 , all promoters of class III have identical 23-membered nucleotide sequence from +6 b.p. to -17 b.p. This conservative sequence is considered as consensus sequence for T7 RNA polymerase. The other promoters can be also characterized by a high level of homology with the consensus sequence differing from it by 1-7 b.p. in the individual promoters.
Taking into account a small size of T7 RNA polymerase, this sequence is sufficiently large to be the only region involved in the formation of specific contacts with the enzyme thus indicating the importance of this area for RNA polymerase-promoter recognition in this case. Electrostatic profiles of all promoters are shown in Fig. 1 . Although electrostatic patterns of the individual promoters differ by their details, they have some common features. When superimposed, they reveal a well defined wave shaped design with a wide valley from +1 b.p. to -20 b.p. and a higher potential around the start point of transcription. By contrast, no common specific elements were found in electrostatic profiles of T7 DNA nonpromoter sites (Fig.2) . Electrostatic pattern of superimposed profiles of 17 randomly selected DNA fragments can be characterized by a rather homogeneous variation of electrostatic potential around the mean potential value. The results are in agreement with those obtained for E.coli genome Kamzolova et al., 2005; . Nonpromoter sites in the bacterial genome can be described by more homogeneous and smoothed electrostatic profiles as compared with complicated, rich in details patterns of 70-specific promoters recognized by E. coli RNA polymerase.
In addition, as evident from the analysis of Fig.1 and Fig.2 , T7 promoter DNA as a whole is characterized by more negative potential values as compared with randomly selected sequences. This fact also agrees with the conclusion that the most negatively charged sequences are found just in promoter regions of E. coli genome DNA (Sorokin et al., 2007; Sorokin, 2001 ).
It should be mentioned that electrostatic profiles of promoters recognized by two RNA polymerases differ in their size and design. . By contrast, there are no specific electrostatic elements in this region of T7 RNA polymerase specific promoters. All characteristic features of electrostatic profiles of these promoters are located in a small area containing the consensus region with some surrounding sequences (Fig. 2) .
So, the results obtained indicate that electrostatic profiles of T7 specific promoters are marked with some peculiarities in the genome molecule thus favouring their identification by T7 RNA polymerase.
Electrostatic properties of T7 RNA polymerase.
Structure of T7 RNA polymerase that contains all parts of the protein including Nterminal 8 amino acids, which are generally missing in the crystal structures of the protein, were obtained from SwissModel. Comparison of the equvilibrated structure with original model shows that C-alpha atoms root mean square deviation was in a range 2-3. This deviation was mainly due to movement of loops (see also Supplementary Figure  1) . Electrostatic potential around equilibrated model was calculated. It is characterized by great anisotropy (Supplementary Figure 2) . The surface around active site and promoter-binding domain form a positively charged groove, while the opposite side of the protein are mainly negatively charged. Distribution of that kind could play a crucial role in the proper orientation of the protein towards the DNA during initial steps of promoter recognition: non-specific binding and promoter location.
It is known (Cheetham, Jeruzalmi, & Steitz, 1999, Durniak, Bailey & Steitz 2008) that there are two domains responsible for promoter binding during transcription initiation step: promoter-binding domain (PBD) formed by six a-helical bundle (residues 72-150 and 191-267) and specificity loop (residues 739-770). Two parts of PDB are en-closed specificity loop constituting monolithic promoter recognition domain (Fig. 3A) . Distribution of electrostatic potential around that domain shows three clear crests of positive potential (Fig. 3B) , which correspond to three sub-domains: inter-helical loop of the PBD (residues 72-150) responsible for binding with AT-rich sequence of promoter DNA around -17 bp (designated as site A at Fig. 3A) ; specificity loop binding elements around position -9 bp, mutation in which cause switching of specificity from the T7 to the T3 specific promoter sequences (site B at Fig. 3A ) and the loop in the second part of PBD (residues 191-267) that interacts with promoter around transcriptional start site (site C at Fig. 3A) .
Analysis of electrostatic potential distribution around three crests shows that the potential of the greatest positive value is located around PBD site A sub-domain, while PBD site C demonstrates more neutral values of the potential. Specificity loop (site B) is located between that two extrema.
Electrostatic properties of T7 RNA polymerase specific promoters of different classes.
The comparative analysis of electrostatic properties of the promoters belonging to the different classes was carried out. Electrostatic profiles of the individual promoters of II and III classes are presented in Fig. 4 and Thus, electrostatic properties of T7 promoter DNA can contribute differently to its complex with RNA polymerase at different stages of their interaction.
As shown in Figs. 4-6 two different characteristic electrostatic motifs are found in T7 promoter DNA. The first motif is formed in the binding domain (together with AT-rich site in the case of III group promoters). It represents a deep hole with the most negative potential value located around position -18 b.p. This is the most pronounced element in T7 promoters belonging to III class ( Fig. 5 and Fig. 6 ). The element is engaged in primary identification of T7 promoter DNA by the most positively charged region of T7 RNA polymerase including AT-rich domain binding site A (in the case of III class promoters) and the site B (see Fig. 3 ). Electrostatic attraction between these functional elements at primary steps of their recognition should have a favourable effect on the complex thus indicating a beneficial contribution of DNA electrostatic characteristics to promoter activity in the case of III class promoters. It is known that T7 promoters of III class are strong promoters (Cheetham et al., 1999; Golomb & Chamberlin, 1974; McAllister & McCarron, 1977; Niles & Condit, 1975) . Taking into account the results obtained, it can be suggested that the high level of their activity will be provided not only by their perfect nucleotide sequence fully identical to the consensus sequence but by their appropriate electrostatic properties as well.
T7 promoters of II class are characterized by a distinctly different electrostatic profile (Fig. 4 and Fig. 6 As indicated above, in contrast to III class promoters, the promoters of II class contain no AT-rich component in their upstream region. The absence of this component could explain the difference in the form (size and value) of the electrostatic motif at 18 b.p. for the promoters of the different classes. Whats more, it suggests that the corresponding site A of the enzyme (Fig. 3) involved in binding of AT-rich promoter region is not engaged in electrostatic interactions with II class promoters thus emphasizing differential character of electrostatic contacts in primary complexes of T7 RNA polymerase with promoters of II and III classes in this part of promoter DNA.
As can be seen from Fig. 4 and Fig. 6 , the most negatively charged element with the center at -5 b.p. dominates in the electrostatic profiles of II class promoters. The presence of the electrostatic element in such an explicit form should be indicative of its role for promoter activity but mechanisms of its participation in promoter-polymerase complex formation are not quite clear. The element is located just at the boundary between binding and initiation regions. The involvement of the initiation region in promoter-polymerase interaction at late steps of complex-formation is considered to be unaffected by its electrostatic properties. Taking into account electrostatic nature of the element it is apparent that it should be involved in primary identification of II class promoters by RNA polymerase thus compensating for poor electrostatic element at -18 b.p. in their profiles. However, such an arrangement of the primary complex can complicate efforts for its further interconversion into the open melted complex.
Promoter region corresponding to the electrostatic element at -5 b.p. is known to bind with the site C of the enzyme which as a whole is positively charged area (Fig. 3) , although its total positive potential is not so well pronounced as in the case of the other DNA binding enzyme sites. Thus, electrostatic promoter-polymerase interactions are possible in this region of promoter DNA as well but the influence of these electrostatic contacts on the overall process of productive complex formation differs for the different promoter classes and is not clearly understandable by mechanisms.
Summarizing, the results obtained indicate quite different arrangement of electrostatic interactions in primary complexes of RNA polymerase with promoters of II and III classes.
Primary RNA polymerase binding based on electrostatic interactions can also play a structural role (Von Hippel, 2004 ). This binding serves to orient the protein properly with respect to the DNA region so as to facilitate specific aminoacid-nucleotide recognition within the grooves of the double helix DNA and provide further conformational changes of promoter-polymerase complex. The difference in the arrangement of primary complexes formed by the two electrostatic elements may affect the pathway and the rate of the overall process of the formation of the final active complex thus suggesting a plausible explanation for the difference in strengths and functional behavior of the promoters belonging to II or III classes.
Note although two promoters (2.5 and 3.8) are located in class II region of the genome and assigned to this class by their physiological properties, however their electrostatic profiles are more similar in design to those of III class promoters (Fig. 3 Thus, the results obtained indicate that electrostatic patterns of T7 specific promoters can be characterized by some distinctive motifs which are specific for each promoter class. It should be noted that electrostatic profiles of the individual promoters belonging to the same class are similar but not strictly identical. Variations in some parameters of the same common motif can somewhat modulate its contribution in activity of the individual promoters but what is important that they do not change specificity of its spatial interaction with RNA polymerase thus keeping up the common specificity of the corresponding promoter class. By contrast, the difference in the distinctive motifs for promoters of different classes results in difference in their recognition by RNA polymerase thus differentiating their functional behaviour.
In summary, T7 RNA polymerase can identify its native promoters in T7 genome and differentiate them due to their electrostatic features. A Method of calculation of the electrostatic potential around long DNA sequences Full-atom model of DNA molecule was used with atom coordinates taken from (Aoki et al 1988) and charges assigned according to (Zhurkin et al 1980) . The helix geometry of DNA was reconstructed on the basis of nucleotide sequence according to (Babcock, Olson 1994) . To keep the main axis of DNA double helix straight, only rise and twist structural parameters of dinucleotide step (Dickerson 1989 ) were set to non-zero values. Values of rise and twist structural parameters corresponding to 16 individual dinucleotides were taken from (Ponomarenko et al. 1997 ). Calculations of electrostatic potential φ( r) of DNA were carried out on the surface of the cylinder coaxial to the DNA helix with radius 15Å in accordance with Coulombs law:
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where q i partial charge of i-th atome of the DNA molecule; r i position of the i-th atom; r position of observation point; ( r) position dependent dielectric constant.
To take into account counterion condensation on the sugar-phosphate backbone of the DNA partial charges of O1 and O2 atoms of phosphate groups were decreased by 50%. Dielectric constant is chosen to be proportional to the distance from the charge to the point of consideration.
The choice of cylinder radius, level of charge screening and form of the dielectric constant function were obtained by optimization of agreement between Coulomb-based potential and the pontential calculated by solution of Poisson-Boltzman equation around short DNA fragments ).
The cut-off distance of 50 b.p was introduced to improve performance of calculation procedures and make tractable the analysis of electrostatic potential of the whole genome length DNA. This cut-off means that only 100 bp fragment around point of consideration can influence the electrostatic potential value.
For ease of interpretation and numerical analysis, 2D electrostatic potential map is represented as the 1D profile, where the profile magnitude at each coordinate along the DNA axis is an average of the electrostatic potential values on the circle perpendicular to the helix at that coordinate.
A.1 References

